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Abstract. Ischemic stroke is one of the most common diseases 
that has a high rate of mortality, and has become a burden to 
the healthcare system. Previous research has shown that EPH 
receptor B4 (EphB4) promotes neural stem cell proliferation 
and differentiation in vitro. However, little is known regarding 
its role in the neurogenesis of ischemic stroke in vivo. Thus, 
the present study aimed to verify whether EphB4 was a 
key regulator of neurogenesis in ischemic stroke in  vivo. 
Cerebral ischemia was induced in C57BL/6J mice via middle 
cerebral artery occlusion (MCAO), followed by reperfusion. 
Immunofluorescence staining was performed to evaluate the 
effect of EphB4 on the neurogenesis in cerebral cortex. The 
levels of inflammatory cytokines were determined using an 
ELISA kit. The expression levels of ABL proto‑oncogene 
1, non‑receptor tyrosine kinase (ABL1)/Cyclin D1 signaling 
pathway‑related proteins were detected via western blotting. 
The current findings indicated that EphB4 expression was 
significantly increased in the cerebral cortex of MCAO model 
mice in comparison with sham‑operated mice. Moreover, 
EphB4 appeared to be expressed in neural stem cells (Nestin+), 
and persisted as these cells became neuronal progenitors 
(Sox2+), neuroblasts [doublecortin (DCX)+], and eventually 
mature neurons [neuronal nuclei (NeuN)+]. Overexpression 
of EphB4 elevated the number of proliferating (bromode‑
oxyuridine+, Ki67+) and differentiated cells (Nestin+, Sox2+, 
DCX+ and NeuN+), indicating the promoting effect of EphB4 
on the neurogenesis of ischemic stroke. Furthermore, EphB4 
overexpression alleviated the inflammation injury in MCAO 
model mice. The expression levels of proteins‑related to 
the ABL1/Cyclin D1 signaling pathway were significantly 
increased by the overexpression of EphB4, which suggested 
that restoration of EphB4 promoted the activation of the 

ABL1/Cyclin D1 signaling pathway. In conclusion, this study 
contributes to the current understanding of the mechanisms of 
EphB4 in exerting neurorestorative effects and may recom‑
mend a potential new strategy for ischemic stroke treatment.

Introduction

Stroke remains the second major cause of mortality worldwide 
and is the leading cause of death in China (1). According to a 
Global Burden of Disease study, there were 5.5 million deaths 
and 116.4 million disability adjusted life years due to stroke 
in 2017 (2). Although rapid progress has been achieved in the 
understanding of the pathogenesis of ischemic stroke, there is 
currently no effective therapeutic approach for nerve repair (3). 
Accumulating evidence has shown that cerebral ischemia can 
stimulate the activation of quiescent neural stem cells (NSCs) 
in the subventricular zone (SVZ) into transient amplifying 
progenitors, which become neuroblasts after several divi‑
sions (4,5). The neuroblasts migrate into the damaged cortex 
and differentiate into mature neurons to promote the recovery 
of the neurological function (6). The growth peak of NSCs in 
the adult brain after ischemia is 7‑10 days (7). However, this 
internal response cannot functionally compensate for the isch‑
emic damage, and the migrating cells do not differentiate into 
mature neurons in the cortex (8,9). Thus, it is critical to search 
for therapeutic approaches and specific targets to augment the 
differentiation of endogenous NSCs into neurons.

Neuroinflammation participates in the pathophysiological 
progress of secondary brain injury after ischemic stroke 
by increasing pro‑inflammatory cytokines and neuronal 
apoptosis  (10). A previous study has shown that the levels 
of inflammatory cytokines gradually increase within 0‑24 h 
of cerebral ischemia reperfusion in rats, and reach a peak at 
24 h (11). The interaction between neuroinflammation and 
subsequent neurogenesis remains unknown, and thus, has 
gained significant interest in recent years. Moreover, further 
understanding of neuroinflammation and its association with 
neurogenesis could provide a novel approach for brain repair.

Previous studies have reported that ephrin (Eph) receptors 
can regulate the proliferation of stem cells and progenitor 
cells in the central nervous system (CNS)  (12). The Eph 
receptor family is the largest known receptor tyrosine kinase 
family. The members of this family bind their ligand ephrins 
to initiate bidirectional signaling and regulate different 
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physiological activities, which have become popular research 
subjects internationally (13). Previous studies have shown 
that ephrinB/EphB signaling served an early role in the 
regulation of stem cell behavior. For instance, ephrinB3/EPH 
receptor B3 (EphB3) signaling exhibited an inhibitory effect 
on NSC proliferation in the developing SVZ  (14). In the 
adult CNS, overexpression of ephrinB2 or EphB2 promotes 
NSC proliferation and represses neuroblast migration (15). 
However, research regarding EphB4 focuses on tumor cells. 
Restoration of EphB4 promotes tumor cell proliferation, 
migration and angiogenesis  (16,17). Moreover, a previous 
study revealed that EphB4 regulated the self‑renewal, prolif‑
eration and neuronal differentiation of human embryonic 
NSCs in vitro (18).

The present study aimed to investigate the role of EphB4 
in the neurogenesis and neuroinflammation of ischemic stroke 
in vivo.

Materials and methods

Animals and middle cerebral artery occlusion (MCAO) model. 
The animal experiment was approved by the Animal Care and 
Use Committee of Inner Mongolia Baogang Hospital (approval 
no. BG201802034YY). A total of 120 male C57BL/6J and 
EphB4+/+ C57BL/6J mice (age, 6‑8 weeks; weight, 21‑23 g), 
bred by Cyagen Biosciences, Inc., were maintained on a 12‑h 
light/dark cycle under specific pathogen‑free conditions (25˚C; 
50‑70% humidity) with free access to food and water.

Transient MCAO was performed as previously 
reported  (19), with a slight modification. The mice were 
randomly divided into four groups (n=5/group): Sham, 
EphB4+/+ Sham group, MCAO group and EphB4+/+ MCAO 
group. Mice were anaesthetized with isoflurane (3% induc‑
tion; 1‑1.5% maintenance) in a mixture of 75% N2O and 25% 
O2 and the rectal temperature was maintained at 37.0±0.5˚C. 
Then, the right common carotid artery and the right external 
carotid artery (ECA) were exposed. The ECA was then 
dissected distally, ligated and coagulated. The right MCA 
was occluded with a heparinized intraluminal filament 
(0.26 mm; rounded tip). After 30 min of ischemia, the intra‑
luminal filament was withdrawn to accomplish reperfusion. 
The sham group underwent the same procedure without 
insertion of the intraluminal filament. After reperfusion for 
1, 3, 7 and 14 days, the mice were sacrificed with 120 mg/kg 
pentobarbital sodium via intraperitoneal injection. Death 
was ascertained based on pupil dilation and an inability to 
palpate the carotid pulse. Brain tissues were collected after 
the mice were sacrificed. Due to severe injuries, eight mice 
with rapid weight loss, loss of appetite or abnormal nervous 
system responses were euthanized with 2% pentobarbital 
sodium (120 mg/kg body weight).

2,3,5‑triphenyltetrazolium chloride (TTC) staining. TTC 
staining was used to evaluate the infarct volume. Briefly, 
coronal brain slices (2  mm) were cut and immersed in 
2% TTC solution for 30 min at 37˚C, followed by fixation in 
4% paraformaldehyde overnight. The sections were photo‑
graphed with a digital camera (Canon IXUS175; Canon, Inc.). 
The percentage of infarct area was calculated using Image J 
software 5.0 (National Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cerebral cortex tissues using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. cDNA was synthesized 
according to the M‑MLV conserved transcriptase instructions 
(Takara Biotechnology Co., Ltd.) using a PrimeScript™ RT 
reagent kit (Takara Bio, Inc.). RT was performed at 37˚C for 
15 min, 85˚C for 5 sec, then 4˚C for cooling. RT‑qPCR was 
performed using a TB Green® Premix Ex Taq™ II kit (Takara 
Bio, Inc.). The thermocycling conditions were as follows: 
20 sec at 95˚C, followed by 40 cycles of 15 sec at 95˚C and 
60 sec at 60˚C, and 60˚C for 1 min. The data were normalized 
to the control and analyzed using the 2‑ΔΔCq method (20). The 
primers used were as follows: EphB4 forward (F), 5'‑CCC​
ATT​TGA​GCC​TGT​CAA​TGT​C‑3' and reverse (R), 5'‑TCA​
AGC​TGC​TGG​GTG​AGG​A‑3'; ephrinB2 F, 5'‑TAT​GCA​GAA​
CTG​CGA​TTT​CCA​A‑3' and R, 5'‑TGG​GTA​TAG​TAC​CAG​
TCC​TTG​TC‑3'; and GAPDH F, 5'‑CAT​GAG​AAG​TAT​GAC​
AAC​AGC​CT‑3' and R, 5'‑AGT​CCT​TCC​ACG​ATA​CCA​AA​
GT‑3'. GAPDH was used as an internal reference.

Immunofluorescence analysis. Immunofluorescence staining 
was used to visualize nerve cells. Bromodeoxyuridine (Brdu; 
50 mg/kg; Sigma‑Aldrich; Merck KGaA) was injected intra‑
peritoneally into all mice twice daily for 4 consecutive days 
after MCAO. After being fixed with 4% paraformaldehyde 
at 37˚C for 24 h, brain tissue was embedded in paraffin and 
sectioned at a thickness of 5  µm. For Brdu staining, the 
sections were pretreated with 50% formamide, 280 mM NaCl 
and 30 mM sodium citrate at 65˚C for 2 h, incubated in 2 M 
HCl at 37˚C for 30 min to denature the DNA and rinsed in 
boric acid (0.1 M; pH 8.5) at room temperature for 10 min. 
After blocking the sections with 5% donkey serum (Jackson 
ImmunoResearch Europe) for 2 h at room temperature, they 
were incubated for 48 h at 4˚C with the following primary 
antibodies: Anti‑EphB4 (Santa Cruz Biotechnology, Inc.; cat. 
no. sc‑365510; 1:50), anti‑Brdu (Abcam; cat. no. ab152095; 
1:100), anti‑Ki67 (Abcam; cat. no. ab15580; 1:200), anti‑Nestin 
(Abcam; cat. no.  ab105389; 1:250), anti‑Sox2 (Abcam; 
cat. no.  ab79351; 1:250), anti‑doublecortin (DCX; Santa 
Cruz Biotechnology, Inc.; cat. no.  sc‑271390; 1:100) and 
anti‑neuronal nuclei (NeuN; Abcam; cat. no. ab104224; 1:200). 
Subsequently, the sections were incubated with Alexa Fluor 
488‑ or 594‑conjugated secondary antibodies (Thermo Fisher 
Scientific, Inc.; cat. nos. A48269 and A11016; both 1:2,000) 
for 2 h at room temperature. The fluorescent images of cells 
were captured with a fluorescence microscope system (Nikon 
Eclipse 80i; Nikon Corporation; magnification, x200). In 
total, three areas of interest were selected around the margin 
of infarct area, and an average of the number of cells in the 
peri‑infarct cortex for each section was obtained (21).

Western blotting. Total proteins were extracted from the 
infarct side of cerebral cortex with RIPA lysis buffer 
(Beyotime Institute of Biotechnology). BCA Protein Assay 
reagent (Beyotime Institute of Biotechnology) was applied 
to analyze proteins concentration. Proteins (50 µg/lane) were 
separated by 10% SDS‑PAGE and transferred onto a nitrocel‑
lulose membrane. Subsequently, the membranes were blocked 
with 5% non‑fat milk powder for 2 h at room temperature 
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and incubated with primary antibodies, including anti‑EphB4 
(Abcam; cat. no. ab254300; 1:1,000), anti‑ephrinB2 (Abcam; 
cat. no.  ab75868; 1:500), anti‑phosphorylated (p)‑ABL 
proto‑oncogene 1, non‑receptor tyrosine kinase (ABL1; Cell 
Signaling Technology, Inc.; cat. no. 2864; 1:1,000), anti‑ABL1 
(Cell Signaling Technology, Inc.; cat. no.  2862; 1:1,000), 
anti‑Cyclin D1 (Abcam; cat. no. ab134175; 1:2,000), anti‑CDK4 
(Abcam; cat. no. ab108355; 1:1,000) and β‑actin (Abcam; cat. 
no. ab8227; 1:1,000) at 4˚C overnight, followed by the horse‑
radish peroxidase‑labeled secondary antibodies (Abcam; cat. 

nos. ab205718 and ab205719; both 1:2,000) at 37˚C for 1 h. 
The immunoreactive proteins were visualized using an ECL 
kit (MilliporeSigma) and the data were analyzed using ImageJ 
software (version 1.8.0; National Institutes of Health). The 
expression values were normalized against β‑actin.

ELISA. The productions of IL‑6, IL‑1β, TNF‑α, IL‑10 and 
monocyte chemoattractant protein (MCP)‑1 in the tissues and 
plasma of mice were measured using the corresponding mouse 
ELISA kits (cat. nos. RAB0314, RAB0274, RAB0477 and 

Figure 1. EphB4 is highly expressed in the cerebral cortex of MCAO model mice. (A) Representative images of cerebral infarctions were detected by TTC 
staining. (B) mRNA and (C) protein expression levels of EphB4, and the (D) mRNA and (E) protein expression levels ephrinB2 were detected in the cerebral 
cortex of mice after MCAO at 1, 3, 7 and 14 days via reverse transcription‑quantitative PCR and western blotting. n=5 for each group. *P<0.05, **P<0.01 vs. 
Sham. MCAO, middle cerebral artery occlusion; EphB4, EPH receptor B4.
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RAB0245, RAB0055, respectively; all Sigma‑Aldrich; Merck 
KGaA) following the manufacturer's instructions.

Statistical analysis. The data are presented as the mean ± SD 
of five independent experiments. Statistical analyses were 
performed with SPSS 17.0 (SPSS, Inc.). One-way ANOVA 
followed by Tukey's post‑hoc test was carried out to analyze 
multiple comparison, and unpaired Student's t‑test was used to 
detect differences between two groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

EphB4 is increased in the cerebral cortex of MCAO model 
mice. To evaluate the association of EphB4 with ischemic 
stroke, the expression levels of EphB4 and ephrinB2 in the 
cortex of MCAO model mice, followed by a reperfusion for 
1, 3, 7 and 14 days, were detected. The TTC results confirmed 

the successful ischemia induction (Fig. 1A). The results from 
RT‑qPCR assay demonstrated that the expression levels of 
EphB4 and ephrinB2 were increased after MCAO and peaked 
at 7 days (Fig. 1B and D), which was also confirmed by the 
results of western blotting assay (Fig. 1C and E).

EphB4 expression in nerve cells of the cerebral ischemic cortex. 
As reported in previous studies, in the cerebral cortex, NSCs 
express Nestin, the generated neuronal progenitors express 
Sox2, neuroblasts express DCX and the mature neurons express 
NeuN (22,23). In total, three areas of interest were selected 
around the margin of infarct area, and an average of the 
number of cells in the peri‑infarct cortex for each section was 
calculated (Fig. 2A). The current immunofluorescence results 
identified that EphB4 was expressed by Nestin+, Sox2+, DCX+ 
and NeuN+ cells in the peri‑infarct cortex of MCAO model 
mice (Fig. 2B‑E). Moreover, EphB4 appeared to be expressed 
in NSCs (Nestin+) and persisted as these cells became neuronal 

Figure 2. EphB4 is expressed in NSCs. (A) Blue boxes indicated AOIs in the peri‑infarct cortex. Staining of the peri‑infarct cortex revealed that (B) NSCs 
(Nestin+) expressed EphB4 and these expression persisted throughout NSC neuronal differentiation, including (C) neuronal progenitor (Sox2+), (D) neuroblasts 
(DCX+) and (E) mature neurons (NeuN+). Scale bar, 25 µm. AOI, area of interest; NSC, neuronal stem cell; DCX, doublecortin; EphB4, EPH receptor B4; 
NeuN, neuronal nuclei.
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progenitors (Sox2+), neuroblasts (DCX+) and eventually mature 
neurons (NeuN+). These results indicated the potential relation‑
ship between the EphB4 and neurogenesis.

Overexpression of EphB4 promotes NSC proliferation in the 
cerebral cortex of MCAO model mice. To confirm whether 
EphB4 modulated the proliferation of nerve cells, NSCs 

Figure 3. Overexpression of EphB4 enhances neuronal stem cell proliferation in the cortex at 7 days following MCAO. (A) Reverse transcription‑quantitative 
PCR and (B) western blot analysis of EphB4 expression in EphB4+/+ mice and wild‑type mice. (C) Images showing the immunostaining for Nestin+, and the 
bar graph presented the quantification of the number of Nestin+ cells in the peri‑infarct cortex. (D) Images showed the immunostaining for Brdu+ and the bar 
graph showed the quantification of the number of Brdu+ cells in the peri‑infarct cortex. (E) Images showed the immunostaining for Ki67+ and the bar graph 
showed the quantification of the number of Ki67+ cells in the peri‑infarct cortex. Scale bar, 25 µm. n=5 for each group. Data are presented as mean ± SD. 
*P<0.05 vs. Sham; **P<0.01 vs. control; #P<0.05 vs. MCAO. EphB4, EPH receptor B4; MCAO, middle cerebral artery occlusion; Brdu, bromodeoxyuridine.

https://www.spandidos-publications.com/10.3892/mmr.2021.12396


WANG et al:  EphB4 PROMOTES NEUROGENESIS IN ISCHEMIC STROKE6

labelled with Nestin+, and newborn cells labeled with Brdu+ 
or Ki67+ were observed in the peri‑infarct cortex 7 days after 
MCAO using an immunofluorescence assay. EphB4 expres‑
sion was measured via RT‑qPCR and western blotting in 
EphB4+/+ mice prior to MCAO. The results demonstrated that 
EphB4 was significantly elevated in EphB4+/+ mice compared 
with wild‑type mice (Fig. 3A and B). Immunofluorescence 
results revealed that there were no differences in the number 
of positive cells (Nestin+, Brdu+ and Ki67+) between sham 
mice and the EphB4+/+ sham mice, while the number of these 

positive cells was significantly increased in MCAO mice 
vs. sham‑operated mice. Overexpression of EphB4 further 
enhanced the number of these positive cells in MCAO model 
mice (Fig. 3C‑E). Overall, these data indicated that overex‑
pression of EphB4 promoted NSC proliferation after focal 
cerebral ischemia in vivo.

Overexpression of EphB4 promotes NSC differentiation 
in the cerebral cortex of MCAO model mice. Sox2 is an 
important molecular marker of adult NSCs  (24). DCX is 

Figure 4. Overexpression of EphB4 promotes neuronal stem cell differentiation in the cortex following MCAO. Images of the immunostaining for (A) Sox2+ 
and (B) DCX+ cells, and the bar graph showed the quantification of the number of Sox2+ and DCX+ cells in the peri‑infarct cortex at 7 days after MCAO. Images 
of the immunostaining for NeuN+ cells and the bar graph showed the quantification of the number of NeuN+ cells in the peri‑infarct cortex at (C) 7 day and 
(D) 14 day after MCAO. Scale bar, 25 µm. n=5 for each group. Data are presented as mean ± SD. *P<0.05 vs. Sham; #P<0.05 vs. MCAO. DCX, doublecortin; 
EphB4, EPH receptor B4; NeuN, neuronal nuclei; MCAO, middle cerebral artery occlusion.
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a microtubule‑associated protein expressed in immature 
neurons, which is essential for neuronal migration and 
differentiation (25). Thus, Sox2+, DCX+ and NeuN+ expression 
in the peri‑infarct cortex 7 days after ischemia reperfusion 
was detected. As show in Fig. 4A and B, Sox2+ and DCX+ cells 
were significantly increased at 7 days in MCAO model mice 
compared with sham‑operated mice. EphB4 overexpression 
further increased the number of Sox2+ and DCX+ cells 
compared with the MCAO model mice. However, NeuN+ 

cells exhibited no significant difference between MCAO 

and EphB4+/+ MCAO groups at 7 days (Fig. 4C). However, 
at 14  days, the number of NeuN+ cells was significantly 
increased in the EphB4+/+ MCAO model mice compared with 
the MCAO model mice (Fig. 4D), suggesting that restoration 
of EphB4 promoted NSC differentiation after focal cerebral 
ischemia in vivo.

Overexpression of EphB4 attenuates the inflammatory 
response in MCAO model mice. To investigate the effect of 
EphB4 on the inflammation injury in ischemic stroke model 

Figure 5. Overexpression of EphB4 inhibits the inflammatory cytokine levels MCAO model mice. The levels of (A) IL‑1β, (B) IL‑6, (C) TNF‑α, (D) MCP‑1 
and (E) IL‑10 in the cortex around the infarcted zone were detected via ELISA at 1 day after MCAO. The levels of (F) IL‑1β, (G) IL‑6, (H) TNF‑α, (I) MCP‑1 
and (J) IL‑10 in the plasma of MCAO model mice were detected via ELISA at 1 day. n=5 for each group. Data are presented as mean ± SD. *P<0.05, **P<0.01, 
***P<0.001 vs. Sham; #P<0.05, ##P<0.01 vs. MCAO. EphB4, EPH receptor B4; MCAO, middle cerebral artery occlusion; MCP‑1, monocyte chemoattractant 
protein 1.
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mice, a series of inflammatory cytokines, including IL‑1β, 
IL‑6, TNF‑α, IL‑10 and MCP‑1, in the tissues of cerebral 
cortex and the plasma of mice were evaluated. The results 
demonstrated that the levels of IL‑1β, IL‑6, TNF‑α and 
MCP‑1 were quickly increased in the tissues of MCAO 
group compared with sham operation group. However, the 
stroke‑evoked enhancement of cytokine levels was mark‑
edly inhibited in EphB4+/+ mice after MCAO (Fig. 5A‑D). 
Interestingly, the level of IL‑10, generally regarded as an 
anti‑inflammatory cytokine (26), was significantly decreased 
after stroke; however, the low level of IL‑10 was significantly 
increased in the EphB4+/+ MCAO group (Fig. 5E). Consistent 
with the aforementioned results, the levels of IL‑1β, IL‑6, 
TNF‑α and MCP‑1 were quickly inhibited in the plasma 
of EphB4+/+ MCAO model mice, which were enhanced by 
MCAO operation (Fig. 5F‑I). However, the level of IL‑10 was 
significantly decreased in MCAO mice vs. sham‑operated 
mice, and EphB4+/+ increased the low level of IL‑10 in MCAO 
model mice (Fig. 5J). These results suggest that overexpres‑
sion of EphB4 attenuated the MCAO‑induced inflammatory 
response.

EphB4 activates the ABL1/Cyclin D1 signaling pathway in the 
cerebral cortex of MCAO model mice. To assess the potential 
mechanism of EphB4 in neurogenesis, the related proteins of 
the ABL1/Cyclin D1 signaling pathway were examined. As 
shown in Fig. 6A‑D, the expression levels of p‑ABL1, Cyclin D1 
and CDK4 showed a significant increase in the MCAO‑treated 
ischemia mice compared with the sham‑operated group. 
Moreover, compared with the MCAO‑treated ischemic 
mice, the abovementioned protein expression levels were 
significantly increased in the EphB4+/+ MCAO model mice 
at 7 days after ischemia (Fig. 6B‑D). These results indicated 

that overexpression of EphB4 activated the ABL1/Cyclin D1 
signaling pathway, thereby promoting cell proliferation and 
differentiation in mice after ischemia stroke.

Discussion

Ischemic strokes result in numerous deaths and leave survivors 
with significant disability, despite various reasonable treat‑
ments (27). Neurogenesis has been proven to be a primary 
neurovascular response during stroke recovery  (28,29). In 
the present study, it was found that overexpression of EphB4 
promoted the proliferation and differentiation of NSCs in the 
cerebral cortex by modulating the ABL1/Cyclin D1 signaling 
pathway after cerebral ischemia, suggesting that EphB4 may 
be an effective strategic target for improving neurological 
dysfunction in ischemic stroke.

EphB4 tyrosine kinase receptor and its ephrinB2 ligand 
have been identified as important regulators of tumor cell prolif‑
eration, migration and differentiation (30‑32). For instance, 
EphB4 was highly expressed in hepatocellular carcinoma and 
knockdown of EphB4 inhibited cell proliferation and migra‑
tion and tumor growth (33). Kadife et al (34) discovered that 
a high expression level of EphB4 facilitated colorectal cancer 
cell migration and tumor growth. Interestingly, EphB4 was 
reported to be upregulated after stroke, and was suggested to 
be involved in neoangiogenesis and neuronal survival (35,36), 
which was consistent with the present findings that EphB4 
was significantly increased in mice after MCAO. A previous 
study also revealed that EphB4 was expressed in NSCs and 
instructed NSC neuronal differentiation in the subgranular 
zone (37). The present study demonstrated that EphB4 was 
expressed in NSCs and may participate in the differentiation 
of NSC in the cortex following MCAO.

Figure 6. Overexpression of EphB4 activates the ABL1/Cyclin D1 signaling pathway in the cerebral cortex of MCAO model mice. (A) Representative image of 
immunoblots for ABL1, p‑ABL1, Cyclin D1 and CDK4 in the cortex of mice at 7 days after MCAO. Semi‑quantitative analysis of (B) p/ABL1, (C) Cyclin D1/β‑actin 
and (D) CDK4/β‑actin in the cortex of mice at 7 days after MCAO. n=5 for each group. Data are presented as mean ± SD. *P<0.05 vs. Sham; #P<0.05 vs. MCAO. 
EphB4, EPH receptor B4; MCAO, middle cerebral artery occlusion; ABL1, ABL proto‑oncogene 1, non‑receptor tyrosine kinase; p‑, phosphorylated.
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Brdu is usually employed to label cells in the cell cycle of S 
phase (38). Ki67 is a nuclear protein associated with ribosomal 
RNA transcription that acts as a marker for cell prolifera‑
tion (39). A previous study showed that Nestin+ cells can be 
observed extensively in restricted regions where they may 
serve as a niche of stem/progenitor cells with the capacity for 
proliferation and differentiation in the adult mouse brain (40). 
Therefore, in the present study, the increased levels of Nestin+, 
Ki67+ and Brdu+ cells in the peri‑infarct cortex of the isch‑
emia‑treated mice indicated the endogenous NSC response 
following MCAO. In the EphB4 overexpression group, 
the increase of Nestin+, Ki67+ and Brdu+ cells was further 
enhanced. These results indicated that EphB4 overexpression 
promotes cell proliferation post‑ischemia.

Sox2, a member of the Sox family of transcription factors, 
is highly expressed during the development of embryonic 
stem cells and adult NSCs, and is considered to be the key 
to the proliferation and differentiation of NSCs (41). DCX, a 
protein facilitating microtubule polymerization, is expressed 
in migrating neuroblasts and immature neurons, and can be 
classified as a marker for adult neurogenesis (42). NeuN is a 
neuronal protein and a neuron marker utilized to specifically 
label mature neurons (43). Hence, in the current study, the 
increased number of Sox2+, DCX+ and NeuN+ cells in the 
cortex of the EphB4+/+ MCAO model mice indicated that 
EphB4 may participate in promoting NSC differentiation 
into neurons post‑ischemia. The upregulation of these neural 
cells is considered to contribute to functional recovery of 
brain.

The downstream factor of the ephrinB2/EphB4 signaling 
pathway, ABL1, binds to EphB4 in an activity‑dependent 
manner (16). Previous findings have shown that ABL1 served 
an important role in the stimulation of neurogenesis  (44). 
Moreover, ABL1 could mediate the signaling between EphB4 
and Cyclin D1/CDK4 to regulate proliferation in NSCs (18). 
The current results revealed that overexpression of EphB4 
increased the protein expression levels of p‑ABL1, Cyclin D1 
and CDK4, suggesting that EphB4 may promote neurogen‑
esis after ischemic stroke via the ABL1/Cyclin D1 signaling 
pathway in vivo.

There were certain limitations in the present study. Firstly, 
the effect of EphB4 on neurogenesis was not assessed in vitro. 
Secondly, the level of EphB4 in patients with ischemic stroke 
was not examined and the association between EphB4 levels 
and lesion volume requires further study. The underlying 
mechanism of EphB4 on neurogenesis and neuroinflammation 
should also be investigated both in vitro and in vivo.

In conclusion, the present study demonstrated that restora‑
tion of EphB4 promoted cell proliferation and differentiation 
at 7 days after MCAO, and facilitated NSC directional differ‑
entiation into neurons at 14  days after MCAO. However, 
EphB4 upregulation inhibited neuroinflammation at 1 day 
after MCAO. Moreover, it was found that overexpression 
of EphB4 promoted the activation of the ABL1/Cyclin D1 
signaling pathway. These findings suggested that EphB4 may 
be a valuable therapeutic target for ischemic stroke.
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